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EXPERIMENTAL STUDY OF TRANSIENT EFFECTS 

I N  DIELECTRIC MATERIALS CAUSED 

BY ELECTRON IRRADIATION 

By George M. S t o r t i ,  Donald H. Ph i l l i p s ,  
and Cl i f ford  S. Frank 

Langley Research Center 

SUMMARY 

Voltage pulses i n  capaci tors  and insulated wires during low-energy elec-  
t r o n  i r r a d i a t i o n  were studied. 
te rephtha la te ,  polytetrafluoroethylene, polystyrene, ceramic, polypyromelli t i-  
mide, regenerated ce l lu lose ,  polyvinyl alcohol, a copolymer of polyvinyl chlo- 
r ide  and polyvinylidene chloride,  mica paper, and silicone-impregnated mica 
paper) were t e s t ed  over a range of incident  e lectron k ine t i c  energies,  temper- 
a tures ,  and dose r a t e s .  Some d i e l e c t r i c s  were found t o  have r e l a t i v e l y  few 
voltage pulses occurring as a r e s u l t  of i r r ad ia t ion ,  whereas o thers  pulsed 
rap id ly  and with la rge  amplitudes. 
t h e  incident e lectron k i n e t i c  energy. Because of t he  thinness  of most of t he  
samples tes ted ,  t h e  g rea t e s t  number of pulses  w a s  obtained a t  t h e  lower ener- 
g i e s  (30 t o  100 keV), and, i n  a l l  cases, t h e  number of pulses decreased mark- 
ed ly  as the  e lec t ron  energy was increased. Temperature a l so  had a profound 
e f f e c t  on the  number of pulses .  I r r a d i a t i o n  a t  l o w  temperatures resu l ted  i n  a 
grea te r  number of pulses .  Dose-rate e f f e c t s  on t h e  number of pulses  were sig- 
n i f i can t  except a t  t h e  lowest temperatures a t  which t h e  t e s t s  were conducted. 
Some of t he  present r e s u l t s  a re  compared with r e s u l t s  obtained from previously 
published work on t h e  X-ray induced conductivity i n  d i e l e c t r i c  mater ia ls .  A 
degree of qua l i t a t ive  cor re la t ion  was found with t h i s  p r i o r  work; t h a t  i s ,  
those materials found t o  possess long pos t i r r ad ia t ion  current decay time con- 
s t a n t s  i n  the  X-ray work tended t o  be more susceptible t o  electron-induced 
t r a n s i e n t s  . 

Various d i e l e c t r i c  mater ia ls  (polyethylene 

The number of pulses  w a s  found t o  vary with 

INTRODUCTION 

The cha rac t e r i s t i c s  and performance of many e lec t ronic  components and 
materials which are being used i n  satell i tes have been ser ious ly  a f fec ted  by 
continuous exposure t o  rad ia t ion .  Gamma-radiation, e lec t ron ,  proton, and neu- 
t r o n  s tudies  have been car r ied  out on a va r i e ty  of components and materials. 
(See refs. 1 and 2.) Since e lec t rons  are a prime const i tuent  of t h e  rad ia t ion  
b e l t s  (refs. 3 t o  5 ) ,  t he  e f f e c t s  of e lec t ron  i r r a d i a t i o n  a re  of pa r t i cu la r  
i n t e r e s t .  



The e f f e c t  of e lec t rons  on capaci tors  and in su la t ing  mater ia l s  under 
varying conditions has been studied i n  many p r i o r  invest igat ions.  Changes i n  
both physical and e l e c t r i c a l  p roper t ies  of d i e l e c t r i c  mater ia l s  have been 
noted. (See refs. 1 and 2.) I n  pa r t i cu la r ,  changes i n  volume r e s i s t i v i t y ,  
color,  and hardness have been reported.  On t h e  other  hand, r e l a t i v e l y  l i t t l e  
information has been obtained on any t r ans i en t  e f f e c t s  that  might occur during 
a steady i r r a d i a t i o n  process. The purpose of t h e  present  inves t iga t ion  i s  t o  
study t r ans i en t  e f f e c t s  that occur during low-energy e lec t ron  i r r ad ia t ion  of 
d i e l e c t r i c s  a t  t o t a l  doses far too  small t o  cause any s ign i f i can t  permanent 
changes i n  t h e  cha rac t e r i s t i c s  of most d i e l e c t r i c  materials. 
and 2.) 

(See refs. 1 

Commercial capaci tors ,  insulated w i r e s ,  and spec ia l ly  prepared sandwich 
capaci tors  were i r r ad ia t ed  with monoenergetic e lec t ron  beams having k i n e t i c  
energies  ranging from 20 t o  1000 keV. Three types of commercial capaci tors  
u t i l i z i n g  polyethylene te rephtha la te ,  ceramic, and polystyrene d i e l e c t r i c s  were 
studied. The three  types of ' insulated wires t e s t e d  had polyethylene terephtha- 
l a t e ,  polytetrafluoroethylene, and poly-pyromellitimide insu la t ion .  The spec- 
i a l l y  prepared capaci tors  were made from a v a r i e t y  of d i e l e c t r i c  materials: 
polyethylene terephthdlate ,  regenerated ce l lu lose ,  polypyromellitimide, poly- 
v inyl  alcohol,  a copolymer of polyvinyl chlor ide and polyvinylidene chloride,  
mica paper, and mica paper impregnated with s i l i cone  (methyl phenyl si loxane).  
I n  most cases, t h e  th innes t  sample of t h e  given mater ia l  t h a t  was commercially 
and rap id ly  ava i lab le  was used i n  t h e  spec ia l ly  prepared capaci tors .  
e f f e c t s  of temperature, ba t t e ry  voltage,  and e lec t ron  dose rate on the  observed 
t r a n s i e n t s  was noted f o r  t he  commercial capaci tor  insu la ted  with polyethylene 
te rephtha la te .  The e f f e c t  of temperature on t h e  t r a n s i e n t s  was a l s o  studied i n  
tes ts  on t h e  spec ia l ly  prepared capaci tors .  The e f f e c t  of dose r a t e  w a s  noted 
i n  t h e  spec ia l ly  prepared polyethylene te rephtha la te ,  poly-pyromellitimide, and 
silicone-impregnated mica-paper insu la ted  capaci tors  and the  poly-pyromellitimide 
insulated w i r e .  The r e s u l t s  from the  e lec t ron  i r r a d i a t i o n  of various caqaci tors  
and insulated wires were compared with the  r e s u l t s  of experiments on X- and 
gamma-ray induced conductivity i n  insu la t ing  mater ia l s .  

The 

The In te rna t iona l  System of Units (SI )  ( ref .  6) i s  used throughout t h e  
paper. However, t h e  U.S. Customary Units a r e  a l s o  given f o r  some measurements. 
An appendix i s  included f o r  t h e  purpose of r e l a t i n g  the  two systems. 

APPARATUS AND TESTS 

Accelerator 

The samples were bombarded with monoenergetic e lec t rons  from a cascaded- 
r e c t i f i e r  potential-drop acce lera tor  of the  type described i n  reference 7. 
Electrons with incident  k i n e t i c  energies from 20 t o  1000 keV w e r e  used. The 
acce lera tor  energy w a s  ca l ibra ted  by us ing  a so l id - s t a t e  rad ia t ion  detector  
which, i n  tu rn ,  w a s  ca l ibra ted  with su i tab le  radioact ive isotopes.  The energy 
a s  determined by t h i s  technique i s  believed t o  be within 1.0 percent of t h e  
nominal value s t a t ed .  The energy spread within t h e  beam and t h e  short-term 
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energy f luc tua t ions  were su f f i c i en t ly  below the  18-keV resolut ion ( f u l l  width 
a t  half-maximum) of the  detector ;  therefore ,  t he  f luc tua t ions  and the  spread 
could not be determined. 

Beam-Handling System 

Electrons from the  acce lera tor  pass through an evacuated beam tube i n t o  
beam-handling and target-chamber systems. (See f i g .  1.) The beam i s  f i r s t  
widened hor izonta l ly  t o  approximately 7.6 centimeters by a s ingle  quadrupole 
magnetic lens .  
which a re  fed by a t r i angu la r  wave. A s  a r e s u l t  of this varying f i e l d ,  t he  
beam i s  scanned v e r t i c a l l y  a t  a r a t e  of approximately 10 cycles per second i n  a 
fan-shaped scan horn. The swept beam then en te r s  t h e  t a r g e t  chamber. 

Next, t h e  beam t r a v e l s  through t h e  f i e l d  of two electromagnets 

Target Chamber 

Targets a r e  mounted within a chamber 76.2.centimeters high, 7.6 cent i -  
meters wide, and 30.5 centimeters deep. The t a r g e t  chamber i s  independently 
evacuated and contains a bucket, or f inger ,  which may be f i l l e d  with l i qu id  
nitrogen or hot water i n  order t o  control  t he  temperature of  the  specimens 
under t e s t .  During the  t e s t s  t he  target-chamber vacuum ranged between 
2 X 10-8 t o r r  (2.67 X 10-6 N/m2) and 10-5 t o r r  (1.33 X 10-3 N/m2), depending 
pr imari ly  upon the temperature of t he  cont ro l  f i nge r .  The most usua l  pressure 
range during t e s t s  was from 1 x 10-6 t o  2 x 10-6 t o r r  (1.33 x 
2.67 X 
zat ion gage mounted approximately 45 centimeters above and across the  t a r g e t  
chamber from the  i n l e t  of t h e  d i f fus ion  pump. 

t o  
N/m2). The vacuum i n  t h e  t a r g e t  chamber was determined by an ion i -  

Beam-Current Density 

The beam current  was monitored by an aluminum p la t e  having a thickness  of 
1 .27  centimeters and a rectangular area of 2 square centimeters ( l b y  2 cm). 
This p l a t e  was glued t o  a g l a s s  chip ( 5  mm th ick)  which was i n  tu rn  glued t o  
t h e  temperature-control bucket. Current col lected by t h i s  p l a t e  was fed through 
an in tegra t ing  electrometer (accuracy within 1 percent of indicated value) t o  
ground t o  measure the  dose r a t e  i n  e l ec t rons  per  square centimeter per second 
(e/cm2-sec) and the  t o t a l  dose i n  e lec t rons  per  square centimeter (e/"). A 
bare  w i r e  lead was used within the  chamber t o  connect t o  t h i s  p l a t e .  The e r r o r  
between the  current  dens i ty  on the  sample and t h a t  picked up by t h e  probe i s  
comparatively s m a l l  and should not a f f e c t  t he  in t e rp re t a t ion  of t he  r e s u l t s  of 
t h i s  experiment. 

Beam-Current Uniformity 

A s  mentioned previously, t he  beam-handling equipment spreads t h e  beam hor- 
i z o n t a l l y  7.6 centimeters and scans it v e r t i c a l l y  approximately 45 centimeters 
a t  the t a r g e t  area.  The uniformity of t h e  beam was determined by cobal t -glass  
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dosimetry and w a s  checked per iodica l ly  by using polyvinyl chloride f i l m ,  a f i l m  
which darkens under e lec t ron  i r r ad ia t ion .  From the  cobalt-glass dosimetry, t h e  
beam pa t t e rn  w a s  found t o  be v e r t i c a l l y  uniform over t h e  t e s t  samples and cur- 
r en t  probe t o  within *? percent when the  tes t  samples were mounted on t h e  
temperature-control f i nge r .  Lateral ly ,  t he  beam-current densi ty  was approxi- 
mately 20 percent l e s s  near t he  edges than i n  t h e  center .  The l a t e r a l  non- 
uniformity of beam-current densi ty  i s  due t o  t h e  l e n t i c u l a r  cross sect ion of 
t h e  beam under the  ac t ion  of t h e  quadrupole l ens .  Since the  current probe w a s  
mounted on t h e  center  l i n e  of t he  t a r g e t  area,  it indica tes  t he  m a x i m u m  value 
of t h e  beam-current densi ty .  

T e s t  Samples 

Each type of commercial capacitor t h a t  w a s  se lected f o r  t e s t i n g  had a 
ra ted capacitance of 0.01pF. 
t r a r i l y  chosen. Because of l imited time, extensive t e s t s  on a var ie ty  of 
capacitances could not be made. One sample of each type of capacitor w a s  taken 
apar t  i n  o r d e r ' t o  determine t h e  in t e rna l  construction. The polyethylene ter-  
ephthalate commercial capaci tor  was cy l ind r i ca l  i n  shape, with a base diameter 
of approximately 0.3  centimeter and a length of about 1.1 centimeters. The 
capaci tor  consisted of two superimposed polyethylene terephthalate  s t r i p s ,  each 
0.0064 mm (1/4 m i l )  t h i c k  and 68.6 centimeters long. Each s t r i p  w a s  vapor 
deposited with aluminum over two-thirds of t he  width of t h e  s t r i p ,  and t h e  
r e su l t i ng  one-third overlap of aluminum vapor deposi t  i n  t h e  center of t he  
s t r i p s  provided t h e  two p la t e s  of t he  capaci tor .  The s t r i p  was wound t o  about 
120 tu rns ,  and each end of t he  s t r i p  w a s  i n  contact with the ex terna l  leads  
through a conducting glue.  
( 3  m i l s )  th ick ,  provided the  outer  wrap of t he  capaci tor .  
c i a 1  capacitor w a s  found t o  consis t  of four  metal p l a t e s  embedded i n  ceramic 
d i e l e c t r i c  material. 
0.08 centimeter t h i ck .  
i n  capacitance d i s s ipa t ion  and res i s tance  values (usua l ly  several  thousand 
megohms), a s  wel l  as f o r  t h e i r  closeness t o  the  commercially s ta ted  values of 
capacitance (0.01 pF) . A simple commercial polystyrene capacitor was a l so  
t e s t ed .  The polystyrene capaci tor  consisted of two layers  of polystyrene, 
0.0234 mm (1 m i l )  th ick ,  a l te rna ted  with a vapor deposit  of aluminum. The 
r e su l t i ng  sandwich was ro l l ed  i n t o  a cylinder having a diameter of 0.8 cent i -  
meter and a height  of 1.9 centimeters. The var ious capaci tors  were e i t h e r  
mounted on t h e  e l e c t r i c a l  feedthrough p la t e  or glued t o  t h e  temperature-control 
f inger  ( f i g .  2) with a silicone-based glue or a s i l v e r  pa in t .  
t h a t  t he  silicone-based glue had a negl igible  e f f e c t  on the  r e su l t s .  

This pa r t i cu la r  value of capacitance was a rb i -  

A s ingle  layer  of p l a s t i c i zed  paper, 0.0762 mm 
The ceramic comer-  

The sample measured 0.6 centimeter by 0.6 centimeter by 
The samples t h a t  were t e s t ed  were chosen fo r  s imi l a r i t y  

Tests indicated 

The insulated wires were a l so  mounted e i t h e r  d i r e c t l y  on an e l e c t r i c a l  
feedthrough p la t e  or on the  temperature-control f i nge r .  The ribbon w i r e  con- 
s i s t e d  of two f l a t  copper wires surrounded and e l e c t r i c a l l y  insulated by poly- 
ethylene te rephtha la te .  The d i e l e c t r i c  i n  the  two samples t e s t ed  w a s  approxi- 
mately 20.3 centimeters long, 0.8 centimeter wide, and 0.0762 mm ( 3  m i l s )  
th ick .  One s t r i p  of  t he  ribbon wire was coi led and mounted t o  the  e l e c t r i c a l  
feedthrough p la t e ,  and another s t r i p  was attached t o  the  temperature-control 
f inger  with s i l i cone  glue.  (See f i g s .  3(a)  and (b)  . )  Two lengths  of 
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polytetrafluoroethylene insulated wire were twisted about each other  and formed 
i n t o  a c i r c l e  having a diameter of approximately 5 centimeters ( f i g .  3 ( c ) )  t o  
insure t h a t  a l l  t he  w i r e  w a s  i n  t he  beam. The insulated length of t he  wires 
was 53.3 centimeters and the  coating w a s  approximately 0.1905 mm (7.5 m i l s )  
th ick .  Similar ly ,  two lengths  of polypyromellitimide insulated wire were 
twisted and formed i n t o  a c i r c l e  approximately 4 centimeters i n  diameter. 
f i g .  3 (d ) . )  Almost the  e n t i r e  38-centimeter length of each w i r e  w a s  coated 
with polypyromellitimide insu la t ion  0.0254 mm (1 m i l )  th ick .  
te t raf luoroethylene and polypyromellitimide insulated w i r e s  were mounted t o  
e l e c t r i c a l  feedthrough p la t e s .  

(See 

Both the  poly- 

With t h e  exception of t he  polyethylene terephthalate  insulated capaci tor ,  
t he  spec ia l ly  prepared f l a t  sandwich capaci tors  were made by gluing the  dielec-  
t r i c  t o  two 5.1- by 7.6-centimeter aluminum pla tes ,  each 0.0254 mm (1 m i l )  
th ick ,  with a very t h i n  l aye r  of glue.  The polyethylene te rephtha la te  insulated 
capacitor had a vapor deposi t  of aluminum (25p i n .  or 0.635 micron th i ck )  on 
one s ide of t he  d i e l e c t r i c  and an aluminum p l a t e  0.0254 mm (1 m i l )  t h i c k  glued 
t o  t h e  other  s ide .  A v a r i e t y  of d i e l e c t r i c s  were obtained, each of t he  smallest  
thickness  t h a t  w a s  commercially and rap id ly  avai lable:  polyethylene tereph- 

t h a l a t e ,  0.0064 mm (1/4 m i l ) ;  regenerated cel lulose,  0.0381 mm 

polypyromellitimide, 0.0254 mm (1 m i l ) ;  polyvinyl alcohol,  0.0762 mm (3  m i l s ) ;  
a copolymer of polyvinylidene chloride and polyvinyl chloride,  0.0127 mm 
(1/2 m i l ) ;  mica paper, 0.0127 mm (1/2 m i l ) ;  and methyl phenyl siloxane impreg- 
nated mica paper, 0.0190 mm (3/4 m i l ) .  
p l a t e s  with si lver-loaded epoxy cement, and t h e  t es t  samples were bonded t o  the 
temperature-control f i nge r  with a silicone-based glue.  (See f i g .  4.) 

1- m i l s  ; (: ) 

Leads were glued t o  both aluminum 

Test C i rcu i t s  

The samples t h a t  were t e s t ed  were connected t o  an ac t ive  detect ion c i r c u i t .  
Transients  were detected as voltage pulses  i n  these  c i r c u i t s .  

I n  tes ts  on t h e  commercial capaci tors ,  one p l a t e  of the  capacitor w a s  con- 
nected d i r e c t l y  t o  ground. The other  p l a t e  w a s  connected e i t h e r  d i r e c t l y  t o  a 
storage oscil loscope o r  f i rs t  t o  t h e  negative s ide of a ba t t e ry  (15 or  45 vo l t s )  
and then t o  a storage oscil loscope ( f i g .  5).  
p le ted  t o  ground through t h e  1-megohm i n t e r n a l  res i s tance  of t h e  oscil loscope. 
Since two samples each of the  commercial polyethylene te rephtha la te  and ceramic 
capaci tors  were t e s t ed  simultaneously, two separate readouts were used. 

The readout c i r c u i t  w a s  com- 

I n  t e s t s  on the  insu la ted  wires,  e s s e n t i a l l y  t h e  same c i r c u i t  w a s  main- 
ta ined,  except t h a t  a 0.01-pF capaci tor  w a s  connected between t h e  two wire seg- 
ments ex terna l  t o  t h e  t a r g e t  chamber. (See f i g .  6.) The capaci tor  w a s  placed 
i n  t h e  c i r c u i t  i n  order t o  slow t h e  recovery response of t h e  t r a n s i e n t s  so t h a t  
they were compatible with t h e  wr i t ing  speed of t he  oscil loscope. 
b a t t e r y  w a s  kept i n  series with t h e  t es t  specimen and t h e  oscil loscope. 

A 45-volt 

A l l  t e s t s  on t h e  spec ia l ly  prepared capaci tors  u t i l i z e d  a discriminator 
c i r c u i t  connected t o  a d i rec t -wr i t ing  osci l lograph with a f l a t  response t o  

5 

L 



400 cycles per  second. (See f i g .  7.) The discr iminator  c i r c u i t  accepted only 
pos i t ive  pulses  of 1.0 v o l t  or grea ter  and shaped them i n t o  a standard-size 
pulse which was t ransmit ted t o  the oscil lograph. No information on the  s ize  of 
t h e  pulse w a s  obtained o ther  than the f a c t  t h a t  t h e  magnitude of a l l  pulses  w a s  
g rea t e r  than 1.0 v o l t .  

Photographs of t he  shape and s i z e  of many t r a n s i e n t s  were taken  with an 
open-shutter camera i n  combination with a fast oscil loscope (with a sweep speed 
as low as 0.1 psec/cm and with a r i s e  time of 12 nsec) .  The oscil loscope had a 
b u i l t - i n  s igna l  delay of 0.23 psec and w a s  s e t  t o  t r i g g e r  t h e  sweep c i r c u i t s  
upon receiving a t r ans i en t  pulse grea te r  than a given voltage.  Sample photo- 
graphs of pulses  from most of the  test  components were obtained. 

RESULTS AND DISCUSSION 

General 

Because of t he  amount and nature of t he  information obtained, r e s u l t s  from 
each sample are presented separately.  I n  addi t ion,  information on t h e  nature 
of t he  t r a n s i e n t s  i s  given. Table I l i s t s  a l l  t he  samples t e s t ed  along with 
some of the  conditions under which the  tes ts  were car r ied  out.  It may be  noted 
t h a t  t he  e f f e c t  of electron dose rate on t h e  number of t r a n s i e n t s  w a s  de te r -  
mined only f o r  a f e w  samples because of the  la rge  amount of t i m e  t h a t  must be 
expended t o  obtain data  a t  low dose rates. 

Nature of Transients  

Sample photographs of t h e  wave form of t he  t r a n s i e n t s  were taken during 
t h e  tests.  
e s s e n t i a l l y  of t h e  same character  regardless  of the  sample from which the  
pulses  were obtained. The pulses a re  characterized by a very f a s t  rise t i m e  
(on the  order of a f e w  nanoseconds), followed by a r e l a t i v e l y  slow decay corre- 
sponding t o  t h e  resistance-capacitance t i m e  constant of the  c i r c u i t .  
f i g .  8 for re lat ive t imes.)  Severe r inging was observed i n  t h e  pulses obtained 
from many of the  samples. This r inging i s  believed t o  be caused l a rge ly  by 
inductance i n  t h e  t es t  samples; however, some contr ibut ion t o  the  ringing may 
be due t o  imperfectly matched l i n e s  t o  the  osci l loscope used i n  these 
measurements . 

Figure 8 shows typ ica l  oscil loscope t r aces .  The pulse shapes were 

(See 

Both pos i t ive  and negative pulses were obtained, and the  following conven- 
t i o n  i s  used throughout t h i s  paper t o  designate whether pulses a re  pos i t ive  or 
negative.  If the  d i r ec t ion  of r i s e  of t he  t r ans i en t  pulse w a s  t he  same as t h e  
d i r ec t ion  of r i s e  of a pulse obtained from short ing t h e  capacitor i n  the  c i r -  
c u i t  shown i n  f igu re  5 ,  then the  pulse i s  designated pos i t ive .  If t he  direc-  
t i o n  of r i s e  of t he  t r ans i en t  pulse w a s  opposite t o  t h a t  of a short ing pulse, 
it i s  designated negative. In  the  t e s t s  reported here in  i n  which it w a s  
possible  t o  observe pos i t ive  and negative pulses simultaneously, the  posi t ive 
pulses  f a r  outnumbered the  negative pulses.  
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I n  many of t he  t e s t  samples, t h e  pulse heights  of t he  t r a n s i e n t s  exceeded 
the  "impressed" b a t t e r y  voltage.  Indeed, pulses having amplitudes as grea t  a s  
6 v o l t s  were obtained from commercial polyethylene terephthalate  insulated 
capaci tors  when there  w a s  no b a t t e r y  i n  the  detect ion c i r c u i t .  Thus, the  
observed t r ans i en t s  cannot be explained on the  b a s i s  of d i e l e c t r i c  breakdown 
as a r e s u l t  of t he  combined e f f e c t s  of impressed voltage and rad ia t ion .  

Instead,  the  pulses t h a t  were observed a re  believed t o  be due t o  the  
re lease  of charges s tored i n  t h e  d i e l e c t r i c  as a r e s u l t  of i r r a d i a t i o n .  
t rons  impinging upon the  t a r g e t s  a re  slowed down i n  t h e  t a rge t  and some a re  
trapped i n  t h e  d i e l e c t r i c  mater ia l .  (The mechanism of trapping and the sub- 
sequent discharge of t he  trapped charges i s  not w e l l  understood. This point i s  
discussed a t  length i n  a l a t e r  sect ion of t h i s  paper.) 
charge densi ty  i s  b u i l t  up within the  d i e l e c t r i c  mater ia l ,  an avalanche d i s -  
charge i s  t r iggered,  draining a port ion of t h e  charge t o  the  detect ion c i r c u i t .  

Elec- 

After a su f f i c i en t  

Polyethylene Terephthalate Commercial Capacitors 

Two c o m e r c i a l  capaci tors  which had polyethylene te rephtha la te  a s  a dielec-  
t r i c  were tes ted ,  and t h e  c i r c u i t  shown i n  f igure  5 w a s  used. The e f f e c t s  of 
incident  e lectron k ine t i c  energy, b a t t e r y  voltage,  temperature, and e lec t ron  
dose r a t e  on the  number of t r ans i en t  pulses  were obtained. These r e s u l t s  a r e  
seen i n  f igu res  9 t o  12. A r e l a t i v e l y  small number of negative pulses w a s  
obtained ( l e s s  than 5 percent of t h e  t o t a l  number of pu lses ) .  
68 out of a t o t a l  of 2803 pulses were negative, and i n  t h e  other  sample 144 out 
of a t o t a l  of 2648 pulses were negative.  

I n  one sample 

Effect  of e lec t ron  k i n e t i c  energy.- Incident e lec t ron  k i n e t i c  energies 
were varied from 35 t o  900 keV. The number of pulses obtained increased t o  a 
maximum between 40 and 80 keV and then decreased t o  zero as t h e  energy w a s  f u r -  
t h e r  increased. (See f i g s .  9 t o  11.) This decrease i n  t h e  number of pulses  
obtained a t  t he  higher energies  corresponds t o  increased transmission through 
the  t e s t  sample and, consequently, t o  l e s s  deposit ion of e lec t rons  i n  t h e  
d i e l e c t r i c .  

Effect  of b a t t e r y  voltage.-  The e f f e c t  of b a t t e r y  voltage on the number of 
pulses  obtained over t he  range of incident  e lec t ron  k ine t i c  energies  (40 t o  
265 keV) w a s  invest igated twice during the  experiment. The capaci tors  were 
mounted on e l e c t r i c a l  feedthrough p l a t e s  and remained a t  room temperature 
(294O K ) .  
ba t te ry ,  and a 45-volt b a t t e r y  were put i n  s e r i e s  with t h e  capaci tor  and 
oscil loscope i n  the  first group of tests.  The number of pulses  f o r  a f ixed  
e lec t ron  dose (lox4 e/cm2) as a funct ion of energy i s  shown i n  f igure  9. 
may be seen, t h e  number of pulses  obtained i n  the  two samples, as wel l  as t h e  
va r i a t ion  i n  number a s  a function of b a t t e r y  voltage and k ine t i c  energy, i s  
d i f f e ren t .  This order of va r i a t ion  between ostensibly i d e n t i c a l  samples w a s  
found t o  be r a the r  common throughout a l l  t he  t e s t s  reported herein.  The va r i -  
a t ion  of t h e  number of pulses with voltage i s  s m a l l  when compared with o ther  
var iab les .  A few negative pulses  were obtained t h a t  were grea te r  than 1 v o l t  

All pulses  g rea t e r  than 1 v o l t  were counted. A 15-volt ba t te ry ,  no 

As 
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i n  magnitude. 
t he  t o t a l  f o r  f i gu re  9(b)  was 2. 

The t o t a l  number of negative pulses  f o r  f igu re  g(a)  was 12 and 

I n  order t o  check the  r epea tab i l i t y  of t he  data ,  t h i s  e n t i r e  s e r i e s  of 
tes ts  was rerun, and the  r e s u l t s  a r e  shown i n  figure 10. Again, t h e  same var i -  
a b i l i t y  was observed between t h e  two samples and between t h e  d i f f e ren t  ba t t e ry  
vol tages .  The t o t a l  number of negative pulses f o r  f igu re  lO(a) w a s  zero and 
the  t o t a l  f o r  f i gu re  10(b) was 78. A comparison of figures 9 and 10 indica tes  
a subs t an t i a l  increase i n  t h e  number of pulses  recorded i n  the  second s e t  of 
tes ts  a t  energies from 100 t o  240 keV over t h e  number of pulses  recorded i n  t h e  
i n i t i a l  tests.  T h i s  increase i n  t h e  number of pulses may have been due t o  t he  
v a r i a b i l i t y  i n  t he  response t o  rad ia t ion  i n  these  capaci tors .  Possibly, t he  
increase may have been due t o  t h e  dose received. After completion of the  t e s t s  
f o r  which data  a re  shown i n  f igu re  10, each sample had received a t o t a l  dose of 
approximately 7 x 1015 e/cm2. 

Ef fec t  of tempe.rature . -  ~ The e f f e c t  of temperature w a s  invest igated by 
gluing t h e  capacitor-s- t o  the  temperature-control f inger  and by conducting tes ts  
a t  l i qu id  nitrogen (77O K )  and hot water (3630 .K) temperatures. The tempera- 
t u r e  was monitored by a copper-constantan thermocouple attached t o  the  f inger  
j u s t  above the  t e s t  samples. (See f i g .  2 (a)  .) The 45-volt ba t t e ry  was main- 
ta ined i n  t h e  c i r c u i t .  

The number of pulses  obtained f o r  d i f f e r e n t  incident  e lectron k ine t i c  
energies was invest igated,  and t h e  r e s u l t s  a r e  presented i n  f igu re  11. Included 
a re  curves obtained from runs a t  room temperature when the  capaci tors  were 
mounted on e l e c t r i c a l  feedthrough p la t e s .  It i s  believed t h a t  these  curves may 
be included even though t h e  geometrical configurations a r e  s l i g h t l y  d i f f e ren t .  

Figure 11 indica tes  t h a t  t he  number of pulses  obtained a t  363' K i s  mark- 
ed ly  l e s s  than the  number obtained a t  77' K. 
a t  e lec t ron  k i n e t i c  energies g rea t e r  than 85 keV; a t  room temperature (294O K ) ,  
no pulses were obtained a t  energies above 155 keV; a t  l i q u i d  nitrogen tempera- 
t u r e  (770 K ) ,  pulsing continued up t o  incident  e lec t ron  k i n e t i c  energies of 
600 keV. Both pos i t ive  and negative pulses were obtained, with most of the  
negative pulses  being obtained a t  t h e  higher energies .  These r e s u l t s  indicate  
a profound e f f e c t  of temperature on t h e  number of pulses obtained from capaci- 
t o r s  under e lec t ron  i r r ad ia t ion ,  t h e  lowest temperatures producing t h e  g rea t e s t  
number of t r ans i en t  pulses .  

A t  3 6 3 O  K, no pulses were observed 

Effec t  of dose- r a t e . -  A study was made of t he  e f f e c t  of dose r a t e  on the  
amount of puls ing i n  t h e  polyethylene terephthalate  capaci tors .  
were mounted on e l e c t r i c a l  feedthrough p l a t e s  and i r r a d i a t e d  a t  room tempera- 
t u r e  (294' K)  . 
t e s t  sample. 
r a t e s  were used: 
e/cm2-sec. 
employed. 
The k i n e t i c  energy of t h e  bombarding e lec t rons  w a s  85 keV i n  each case. 
u re  1 2  shows the  dependence of t he  number of pulses  on t h e  dose r a t e  f o r  t h e  

The samples 

I r r a d i a t i o n  did not measurably change t h e  temperature of t he  

3 .2  x 101o e/cm2-sec, 3.1 x lo9 e/cm*-sec, and 3.1 x lo8 
A 45-volt b a t t e r y  was used i n  the  c i r c u i t .  Three d i f f e ren t  dose 

A t  t he  two higher dose rates, a t o t a l  dose of 1014 e/cm2 was 
A t  t h e  lowest dose r a t e ,  a t o t a l  dose of 1 . 7  X 1013 e/cm2 was used. 

Fig- 
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two samples; both pos i t ive  and negative pulses a re  included. The number of 
pulses  obtained a t  a t o t a l  dose of 1 .7  X 1013 e/cm2 i s  given f o r  a l l  th ree  dose 
r a t e s .  
two higher dose r a t e s .  Figure 12 ind ica tes  t h a t  there  i s  a subs tan t ia l  dose- 
r a t e  e f f e c t  a t  room temperature, pa r t i cu la r ly  f o r  dose r a t e s  below 109 e/cmz-sec. 
However, some pulses might have been obtained had the  sample t h a t  was t e s t ed  a t  
a dose r a t e  of 3.1 x lo8 e/cm2-sec been given t h e  same t o t a l  dose ( l O I 4  e/") 
a s  i n  t h e  other  tests.  The subject  of dose-rate e f f e c t s  a t  temperatures other  
than 294' K i s  discussed more f u l l y  i n  a l a t e r  sect ion of t h i s  paper. 

The number of pulses f o r  a t o t a l  dose of 1014 e/cm2 i s  given f o r  t h e  

Polyethylene Terephthalate Insulated Ribbon Wire 

All runs were conducted t o  a t o t a l  dose of l O I 4  e/cm2 a t  an average dose 
r a t e  of 3 .2  x 1O1O e/cm2-sec. 
var ied from 35 keV up t o  the  energy f o r  which no fur ther  pulses were obtained 
from the  ribbon wire. A l l  pulses  t h a t  were counted were of 1-volt  magnitude or 
grea ter .  
b a t t e r y  was used i n  t h i s  c i r c u i t .  

The energy of t h e  bombarding e lec t rons  was 

The c i r c u i t  i n  f igu re  6 w a s  used t o  de tec t  the  pulses;  a 45-volt 

I n  t h e  f i rs t  s e r i e s  of tes ts ,  a coi led sample of ribbon wire, 20.3 cent i -  
meters i n  length,  was kept a t  room temperature (294O K )  and mounted i n  the  beam 
on an e l e c t r i c a l  feedthrough p l a t e .  Figure 13 shows t h e  dependence of t h e  num- 
b e r  of pulses  f o r  a f ixed dose on the incident  e lec t ron  k i n e t i c  energy. The 
maximum number of pulses  was obtained a t  approximately 40 keV, and, subse- 
quently, t he  number dropped as t h e  energy was increased. This decrease i n  the 
number of pulses  again corresponded t o  increased transmission of t he  e lec t rons  
completely through t h e  polyethylene te rephtha la te  insu la t ion  and, consequently, 
less storage i n  the  d i e l e c t r i c  a t  t h e  higher energies .  Some negative pulses  
(a  t o t a l  of 12, a l l  l e s s  than 4 v o l t s )  were observed. 

I n  addi t ion,  it was observed t h a t  t h e  ribbon wire pulsed with g rea t e r  
amplitudes a t  t h e  lower energies (35 keV t o  45 keV)  than a t  t h e  higher energies .  
This t rend may be seen i n  t he  pulse-height p r o f i l e s  a t  d i f f e ren t  k i n e t i c  ener- 
g i e s  shown i n  f igu re  14 .  
k i n e t i c  energy of 44 keV. 
much grea te r  i f  it were not f o r  t h e  0.01-pF capaci tor  i n  p a r a l l e l  w i t h  t he  
4-picofarad capacitance of t he  ribbon wire. Since the  charge q i s  r e l a t ed  t o  
t h e  capacitance C and voltage V by t h e  equation 

Pulse heights  a s  great  a s  30 v o l t s  were obtained a t  a 
It i s  bel ieved t h a t  t he  pulse heights  would have been 

q = cv 

t h e  amplitude of a t r ans i en t  i n  v o l t s  i s  inversely proportional t o  the  capaci- 
tance f o r  a given amount of charge released. Thus, a t r ans i en t  generated i n  
t h e  low-capacitance ribbon w i r e  would inmediately be divided i n  voltage by the  
r a t i o  of t h e  t o t a l  capacitance t o  the  i r r ad ia t ed  capacitance. Thus, i f  no 
ex te rna l  capacitance had been used and if s u f f i c i e n t l y  f a s t  e l ec t ron ic s  had 
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been avai lable ,  it i s  possible t h a t  very short  pulses having amplitudes as 
grea t  as 75 000 v o l t s  might have been observed. 

I n  another series of tests, a d i f f e r e n t  s t r i p  of ribbon w i r e ,  approxi- 
mately 20.3 centimeters i n  length, was mounted t o  t h e  control  f inger  ( f i g .  3 ( b ) )  
and w a s  maintained a t  l i q u i d  nitrogen temperature. Fewer pulses were obtained 
i n  t h i s  configuration, although t h e  same general  fea tures  were observed in  the  
data .  (See f i g .  13.) The peak number of pulses  occurred between 40 and 60 keV 
with a subsequent decrease as the  energy w a s  increased. Because of d i f f e r e n t  
tes t  configurations, nothing can be concluded about a temperature e f f e c t .  

A pulse-height p r o f i l e  f o r  several  energies i s  seen i n  f igure  16. No neg- 
a t i v e  pulses were obtained. The g r e a t e r  amount of pulsing from t h e  ribbon w i r e  
i n  comparison with t h a t  from the  polyethylene terephthalate  commercial capacitor 
w a s  probably because the  insu la t ion  on the  w i r e  had no shielding from the  
impinging e lec t rons .  

After tes ts  were completed, t h e  ribbon w i r e  w a s  c lose ly  examined with a 
microscope. Discharge pa t te rns  known as Lichtenberg f i g u r e s  were readi ly  v is -  
i b l e  i n  the polyethylene terephthalate  insu la t lon .  
charge terminated a t  the  copper wires embedded i n  the  polyethylene terephthalate .  

The t r e e - l i k e  paths  of dis-  

Ceramic Capacitors 

The next type of commercial capacitor t h a t  w a s  t e s t e d  had ceramic material 
as the  d i e l e c t r i c .  Two samples were mounted i n  t h e  e lec t ron  beam on e l e c t r i c a l  
f eedthrough p l a t e s  ( f i g  . 2( c )  ) and were i r r a d i a t e d  a t  room temperature. Forty- 
f ive-vol t  b a t t e r i e s  were kept i n  series with each capacitor and t h e  oscil loscope 

( f i g .  5 ) .  
of 3.2 x 1010 e/cmp-sec f o r  each energy. 

The capacitors were exposed t o  a t o t a l  dose of lOl4 e/cm2 a t  a r a t e  

A l l  pulses t h a t  were counted were pos i t ive  and over 1 v o l t  i n  magnitude. 
Figure 17 shows the  number of pulses obtained f o r  d i f f e r e n t  incident e lectron 
energies i n  each capacitor.  Again t h e  t y p i c a l  curve showing the dependence of 
the  number of pulses on incident e lectron k i n e t i c  energy w a s  obtained. 
pulses were l e s s  than 3 v o l t s .  

All 

Polystyrene Capacitor 

A s ingle  commercial polystyrene insulated capacitor w a s  t e s t e d  a t  a temper- 
a ture  of 297O K. The capacitor was mounted t o  t h e  temperature-control f inger  
( f i g .  2 ( d ) )  by a silver-loaded epoxy glue, and the temperature w a s  monitqred by 
a thermocouple. The pulse-detection c i r c u i t  w a s  s imilar t o  t h a t  seen i n  f ig-  
ure 5;  t e s t s  were made with a 45-volt b a t t e r y  i n  this c i r c u i t .  

A l l  pulses t h a t  were counted were pos i t ive  and were 1 v o l t  and grea te r  i n  
Figure 18 shows t h e  e f f e c t  of incident e lec t ron  k i n e t i c  energy on the  height.  

number of pulses.  Each data  point represents  the number of pulses obtained f o r  
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a dose of 1014 e/cm2. 
was approximately 3 .2  x 1010 e/cmp-sec. 
t ha t  obtained from the o ther  components t e s t ed .  

The r a t e  a t  which the  dose w a s  delivered t o  the  capacitor 
The shape of t h i s  curve i s  s i m i l a r  t o  

Polytetrafluoroethylene Insulated Wire 

~ l l  t e s t s  were conducted t o  a t o t a l  dose of 101-4 e/cm2 a t  an average dose 
r a t e  of 3.2 X 101o e/cm2-sec f o r  each incident  e lec t ron  k ine t i c  energy. The 
wires were twisted,  mounted on an e l e c t r i c a l  feedthrough p l a t e  ( f i g .  3 ( c ) ) ,  and 
i r r ad ia t ed  a t  room temperature. Two s e r i e s  of t e s t s  were made. I n  the  f i r s t  
s e r i e s  (configuration l), one of t h e  polytetrafluoroethylene insulated wires 
was connected t o  ground and the  other  t o  the  ba t t e ry  and oscil loscope ( f i g .  6 ) .  
I n  t h e  second s e r i e s  of tests (configuration 2 ) ,  t h e  leads  were reversed. 

Figure 19 shows the  e f f e c t  of incident e lectron k ine t i c  energy on the  num- 
ber  of pulses  f o r  both configurations.  Approximately four  times as many pulses 
were obtained with configuration 2 as with configuration 1. There i s  no immed- 
i a t e l y  apparent reason f o r  t h i s  difference i n  the number of pulses obtained 
with the  two e lec t ronic  configurations.  I n  each case, t h e  peak number of 
pulses was obtained between 40 and 65 keV. 

Figure 20 shows the  pulse-height p r o f i l e  a t  severa l  energies f o r  both con- 
f igura t ions .  I n  f igu re  20(a) it can be seen t h a t  the l a r g e s t  pulses were 
obtained a t  the  lowest energy (45 keV). 
number of pulses  were obtained because the  insu la t ion  w a s  not shielded. 

Here, a l so ,  it appears t h a t  a large 

Polypyromellitimide Insulated Wire 

The e f f e c t  of incident e lec t ron  k ine t i c  energy and e lec t ron  dose rate on 

The temperature of 
The t o t a l  dose given 

the  number of pulses w a s  s tudied i n  t e s t s  on polypyromellitimide insulated wire. 
Pulses were detected using the  c i r c u i t  shown i n  f igure  6 .  
t h e  t e s t  sample w a s  i r r ad ia t ed  a t  approximately 294O K .  
the  sample f o r  each data point obtained w a s  1014 e/". 

For the  study of t h e  e f f e c t  of e lec t ron  k i n e t i c  energy, t he  dose r a t e  w a s  

3 .1  X lolo e/cm2-sec. 
configurations - one with t h e  readout as shown i n  f igu re  6 and the  other  with 
t h e  p o l a r i t y  of t h e  b a t t e r y  shown i n  f igure  6 reversed. The pulses  t h a t  were 
obtained were between 1 and 2 v o l t s  negative.  Relat ively f e w  pulses were 
obtained i n  comparison with the  number obtained from both the  polyethylene 
te rephtha la te  and polytetraf luoroethylene insulated wires.  Table I1 gives the  
r e s u l t s  of tes ts  on the  polypyromellitimide insu la ted  w i r e .  

A s e r i e s  of t es t s  was made with two d i f f e ren t  readout 

T h r e e  addi t iona l  tes ts  w e r e  made a t  a lower dose rate of 3.1 x lo9 e/cm2-sec 
with e lec t rons  having incident  k i n e t i c  energies  of 44 and 55 keV. 
a t  44 keV, t h e  b a t t e r y  p o l a r i t y  w a s  reversed from t h a t  shown i n  f igure  6. 
pulses over 1 v o l t  i n  magnitude were obtained. Although r e l a t i v e l y  l i t t l e  data  

I n  one tes t  
No 
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were obtained, it appears t h a t  there  m i g h t  be a dose-rate e f f e c t .  
t e s t s  a r e  necessary i n  order t o  y ie ld  any cer ta in ty .  Regardless, t h i s  s e r i e s  
of t e s t s  ind ica tes  t h a t  polypyromellitimide insulated w i r e  would serve wel l  i n  
a n  e lectron-radiat ion environment. 

Further 

Special ly  Prepared F l a t  Capacitors 

General.- The spec ia l ly  prepared capaci tors  were attached t o  the  
temperature-control f inger .  
through a discr iminator  c i r c u i t  ( f i g .  7) which accepted pulses only over 
1 v o l t  and subsequently t ransmit ted a shaped s igna l  pulse t o  a direct-wri t ing 
osci l lograph.  For t e s t s  determining the  e f f e c t  of incident  e lec t ron  k ine t i c  
energy on the  number of pulses,  t he  various capaci tors  were maintained a t  room 
(297O K )  and l i q u i d  nitrogen ( 7 7 O  K )  temperatures. The e f f e c t  of dose r a t e  on 
the  number of pulses  w a s  observed i n  t h e  spec ia l ly  prepared polyethylene tereph- 
t h a l a t e ,  polypyromellitimide, and silicone-impregnated mica-paper capaci tors  a t  
various temperatures. 

(See f i g .  4 . )  Readout of t he  data  w a s  accomplished 

Regenerated cel lulose.-  Figure 21  shows t h e  e f f e c t  of incident  e lec t ron  
k ine t i c  energy on the  number of pulses from the  regenerated cel lulose insulated 
capaci tor  a t  both room and l iqu id  nitrogen temperatures. The number of pulses 
f e l l  off  rapidly as the  k i n e t i c  energy w a s  increased above 35 keV. The capac- 
i t o r  w a s  found t o  have bubbled severely as a r e s u l t  of t he  high vacuum and rad- 
i a t i o n  and was p a r t i a l l y  delaminated from t h e  aluminum cover p l a t e s .  

Polypyromel1itimide.- The e f f e c t  of incident  e lec t ron  k ine t i c  energy on 
the  number of pulses  from the  polypyromellitimide capacitor i s  seen i n  f i g -  
ure  22 f o r  l i qu id  nitrogen temperature. Very few pulses were obtained a t  t h e  
lower temperature, and no pulses  were obtained a t  room temperature and a t  a 
dose r a t e  of 3.1 x 1010 e/cm2-sec. 
k ine t i c  energy of 50 keV and a t  a dose r a t e  of 3.1 x lo9 e/cm2-sec showed no 
pulses  even a t  l i q u i d  nitrogen temperature. 
e /cm2. 

An addi t iona l  t e s t  f o r  an incident e lectron 

The t o t a l  dose w a s  1.72 X lOI4 

Polyvinyl alcohol.-  A la rge  number of pulses  was obtained from t h e  poly- 
v inyl  alcohol capacitor.  Figure 23 shows t h e  pulse dependence on the  incident 
e lec t ron  k ine t i c  energy a t  two temperatures (2970 K and 77' K) . 
because of t he  thickness  of t he  d i e l e c t r i c  (0.0762 mm o r  3 m i l s ) ,  a l a rge  number 
of pulses  w a s  obtained a t  the  higher energies.  
g i e s  were stopped and stored i n  the  d i e l e c t r i c  because of i t s  thickness.  I n  
t h i s  capacitor,  t he  e f f e c t  of temperature w a s  most not iceable .  Many more pulses 
a t  higher k ine t i c  energies were obtained a t  7 7 O  K .  
above 85 keV a t  297' K, whereas, a t  7 7 O  K, pulses  were being obtained a t  a 
k i n e t i c  energy of 240 keV. 
induced gas evolution in  a high-vacuum environment, occurred i n  t h i s  capacitor.  

Apparently, 

More e lec t rons  a t  higher ener- 

No pulses  were obtained 

Severe delamination, presumably due t o  radiat ion-  

Copolymer of polyvinyl chloride and polyvinylidene chloride.-  Two capaci- 
t o r s  with a copolymer of polyvinyl chloride and polyvinylidene chloride as the  
d i e l e c t r i c  were t e s t ed  a t  7 7 O  K and 297O K.  Figure.24 shows the  e f f e c t  of t he  
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incident  e lec t ron  k i n e t i c  energy on pulsing f o r  t h e  two capacitors a t  l iqu id  
nitrogen temperature. No pulses were obtained a t  room temperature. 

Mica paper.- Figure 25 shows the  e f f e c t  of e lec t ron  k i n e t i c  energy on t h e  
number of pulses from t h e  mica-paper capaci tor  a t  both l i qu id  nitrogen and room 
temperatures. Relat ively few pulses  were obtained a t  e i t h e r  temperature. No 
pulses were obtained above 60 keV a t  77' K. 

Silicone-impregnated mica paper.- Very few pulses  w e r e  obtained a t  7 7 O  K 
from the  mica-paper capaci tor  impregnated with s i l i cone  (methyl phenyl 
s i loxane) .  
energy of 35 keV and a temperature of 2970 K. 
incident  e lec t ron  k i n e t i c  energy on the  number of pulses .  

N o  pulses  were obtained i n  a s ing le  t e s t  a t  an incident k i n e t i c  
Figure 26 shows the e f f e c t  of 

An inves t iga t ion  of t h e  e f f e c t  of dose r a t e  on the  number of pulses was 
made next.  Tests  were performed a t  l i q u i d  nitrogen temperature. Two tests, 
one a t  an incident  k i n e t i c  energy of 55 keV and t h e  other a t  65 keV, were con- 
ducted t o  a t o t a l  dose of 3.28 X 1014 e/cm2 a t  a dose r a t e  of 3.1 x 1010 
e/cmZ-sec. 
capaci tor  i n  these t e s t s .  Another two t e s t s  were then made a t  a dose r a t e  of 
3 .1  x lo9 e/cmP-sec i n  which the  t e s t  a t  55 keV was conducted t o  a t o t a l  dose 
of 1 .9  x 10i4 e/c& and t h e  other  tes t  a t  65 keV w a s  t o  a t o t a l  dose of 
1.57 x lOl4 e/cm2. 
obtained. Although the  t e s t  was not conducted t o  a high enough t o t a l  dose t o  
y ie ld  r e a l  ce r t a in ty ,  it appears t h a t  t he re  may be a s ign i f icant  dose-rate 
e f f e c t  i n  the  silicone-impregnated mica paper. 

Two and f i v e  pulses ,  respect ively,  were obtained from the  t e s t  

A t  t h i s  dose r a t e  and a t  these  energies,  no pulses were 

Polyethylene te rephtha la te . -  The e f f e c t  of incident  e lec t ron  k ine t i c  
energy on-'the number of pulses  obtained from the  polyethylene te rephtha la te  
capacitor a t  77O K i s  seen i n  f igu re  27. The number of pulses  was a t  i t s  maxi- 
mum a t  approximately 40 keV and subsequently decreased with an increase i n  the  
e lec t ron  k i n e t i c  energy. A r e l a t i v e l y  la rge  number of pulses  was obtained from 
the  polyethylene te rephtha la te  capacitor i n  comparison with the  other  spec ia l ly  
prepared capaci tors ,  even though it was considerably thinner  (0.0064 mm or 
1/4 m i l )  . 

The e f f e c t  of dose r a t e  on the  number of pulses  was a l so  studied. The 
k i n e t i c  energy of t he  incident  e lec t rons  was maintained a t  53 keV. T e s t s  were 
conducted a t  temperatures of 77O K, 297O K, and 363' K. 
of 3.1 x 107 e/cm2-sec, 3.1 x 10 8 e/cm2-sec, 3.1 X lo9 e/cm2-sec, and 

3.1 x 1010 e/cm2-sec were used t o  i r r a d i a t e  t he  t a r g e t .  
r a t e ,  t h e  t e s t  was conducted t o  a t o t a l  dose of only 8.1 X 10l2 e/cm2 a s  
opposed t o  a t o t a l  dose of 3.75 X 1013 e/cm2 f o r  t he  t e s t s  at higher dose rates. 
The number of pulses  obtained from the  t e s t  conducted t o  t h e  lower t o t a l  dose 
w e r e  prorated t o  what might be expected i f  t h e  runs were conducted t o  a t o t a l  
dose of 3.75 x 1013 e/cm2. 

A t  770 K, dose r a t e s  

For t h e  lowest dose 
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To check t h e  v a l i d i t y  of t he  prorat ion,  addi t iona l  tes ts  were made by 
using a dose rate of 3.1 X lo9 e/cm2-sec. 
dose of approximately 8.0 X 1012 e/cm2 and t h e  o ther ,  t o  a t o t a l  dose of 
3.75 x 1013 e/". The prorated number of pulses  a s  determined by a simple 
d i r e c t  proportion (41 pulses)  agreed c lose ly  with t h e  number of pulses (41, 43, 
and 44) obtained f o r  t h e  higher t o t a l  dose. A similar check on the  v a l i d i t y  of 
t h e  proration was made f o r  a dose r a t e  of 3.1 X lo8 e/cm2-sec. 
ra ted  number of pulses  (41) agreed c lose ly  with t h e  number obtained f o r  t h e  
higher t o t a l  dose (39). 

One t e s t  w a s  conducted t o  a t o t a l  

Again the  pro- 

Tests  a t  297O K and 363O K were conducted t o  a t o t a l  dose of 3.75 x l O l 3  
e/cm2 with dose rates of 3.1 x 1O1O e/cmz-sec and 3.1 X 109 e / c d - s e c .  Results 
a t  t he  various temperatures f o r  t h e  d i f f e ren t  dose rates a re  shown i n  f i g -  
ure  28. A t  7 7 O  K,  t he re  appears t o  be  r e l a t i v e l y  l i t t l e  dependence of the num- 
be r  of pulses on t h e  dose rate within the  range of these t e s t s .  For the  lowest 
dose r a t e  a t  77' K, t h e  number of pulses decreases s l i g h t l y  from the numTs'er 
obtained a t  t h e  higher dose r a t e s .  This decrease may be due so le ly  t o  a sta- 
t i s t i c a l  f luc tua t ion  i n  t h e  number of pulses.  . I t  i s  a l s o  possible t h a t  t h i s  
s l i g h t  decrease i s  an indicat ion of a dose-rate e f f e c t .  
297O K, there  appears t o  be a s igni f icant  dependence on t h e  dose r a t e .  

A t  both 363' K and 

Comparison With Work on X-Ray Induced Conductivity 

General.- It i s  believed t h a t  some cor re la t ion  can be made between t h e  
r e s u l t s  of the  present  experiment and the  r e s u l t s  of experiments on X- o r  
gamma-ray induced conductivity i n  d i e l e c t r i c  materials. 
There e x i s t s  some d i r e c t  evidence t h a t  such a qua l i t a t ive  comparison can be 
made. It was found i n  reference 11 t h a t  capaci tors  having d i e l e c t r i c s  of paper 
film and a te rephtha la te  polymer underwent t r a n s i e n t  breakdowns below t h e i r  
ra ted  voltage when i r r a d i a t e d  with gamma rays;  however, dose r a t e s  a s  high as 
2 X 1O1O rads/second were necessary t o  i n i t i a t e  t h e  breakdowns. 

(See r e f s .  8 t o  10 . )  

Even though t h e  same problems a re  not involved i n  e lectron and e lec t ro-  
magnetic radiat ions,  t h e  bas i c  processes t h a t  occur are believed t o  be similar - 
par t i cu la r ly ,  t he  behavior of charge c a r r i e r s  t h a t  a r e  produced as a r e s u l t  of 
e i t h e r  type of rad ia t ion .  A physical  model of these processes has been 
described i n  reference 8, along with r e s u l t s  of an experiment concerned with 
t h e  X-ray induced conductivity i n  d i e l e c t r i c  materials. A b r i e f  summary of 
some of t h a t  work i s  presented here.  

X-ray conductivity experiment: The behavior of charge c a r r i e r s  i n  an 
applied e l e c t r i c  f i e l d  i s  measured as a radiation-induced current .  I n  pa r t i c -  
u l a r ,  t he  experiment described i n  reference 8 has shown t h a t  the  leakage cur- 
r e n t  increases  abrupt ly  upon commencing rad ia t ion  and then quickly reaches a 
steady-state l e v e l  of conduction. The steady-state value of the  radiat ion-  
induced current i s  dependent on the  dose rate; that  i s ,  

I a R A  
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where I i s  t h e  radiation-induced current ,  R i s  the  dose r a t e ,  and A i s  a 
quant i ty  cha rac t e r i s t i c  of t he  mater ia l  and whose value general ly  l i e s  between 
0.50 and 1.00. 

After i r r a d i a t i o n  i s  stopped, the induced current decreases quickly a t  
first and then decays more slowly t o  t h e  value of t he  s t a t i c ,  o r  dark, current .  
From the  e s s e n t i a l l y  hyperbolic current  decay, a cha rac t e r i s t i c  t i m e  constant 
can be determined f o r  each d i e l e c t r i c  material. 
i n  reference 8 values f o r  A and the  current  decay t i m e  constant f o r  several  
mater ia ls  have been obtained experimentally at  a temperature of 293' K. Some 
r e s u l t s  of t h i s  inves t iga t ion  a r e  reproduced i n  t a b l e  111. It may be noted 
t h a t  those materials with long decay time constants general ly  have values of 
A close t o  0.50 and those materials with shor t  decay times have values of 
A close t o  1.00. 

From the inves t iga t ion  reported 

Physical model: Free e lec t rons ,  many of which may have thermal energy, 
a r e  produced i n  a d i e l e c t r i c  a s  a r e s u l t  of i r r ad ia t ion .  These conduction 
e lec t rons  may become trapped i n  l o c a l  e l e c t r o s t a t i c  po ten t i a l  sites, or t r aps ,  
from which they are  l a t e r  thermally released back i n t o  conduction l eve l s ,  thus 
giving rise t o  t i m e  constants which may be very long. These t r a p s  a re  assumed 
t o  be accessible  only t o  e lec t rons  i n  the conduction l eve l s ,  and the e lec t rons  
a r e  released again only i n t o  conduction l eve l s .  The presence of a la rge  number 
of t r a p s  would decrease t h e  number of e lec t rons  ava i lab le  f o r  conduction. For 
many d i e l e c t r i c s ,  t h e  concentration of t r a p s  necessary t o  explain t h e i r  low 

s t a t i c  conduct iv i t ies  i s  1013 t o  lo2' traps/cm3. 
phors, the re ten t ion  t i m e s  of e lec t rons  i n  t r a p s  of a depth of 1 eV may be 
expected t o  be lo3 seconds and a s  long as lo7 seconds f o r  1.5-eV t r a p s .  

By analogy with c r y s t a l  phos- 

The electron-band model of conduction i s  applied t o  d i e l e c t r i c s  (even 
though some a r e  completely amorphous) since it suggests a continuous d i s t r ibu -  
t i o n  of t r a p s .  If  a pa r t i cu la r  d i s t r ibu t ion  of t r a p s  i s  assumed, a character-  
i s t i c  A can be calculated.  For example, i f  a uniform d i s t r i b u t i o n  of t r a p s  
below the  conduction band t o  a ce r t a in  depth i s  assumed, t he  value of A is 
found t o  be 1.00. 
of A i s  found t o  be 0.50. Hence, some idea as t o  a possible  d i s t r i b u t i o n  of 
t r a p s  i n  various d i e l e c t r i c s  can be obtained i f  A i s  experimentally 
determined. 

If an exponential  d i s t r ibu t ion  i n  depth i s  assumed, t he  value 

Com a r i son . -  I n  t h e  present experiment, it may be noted t h a t  those mate- 
r i a l s  Te-- polyethylene te rephtha la te ,  po ly te t ra f  Euoroethylene , and polystyrene) 
t h a t  pulsed rap id ly  and with la rge  amplitudes a re  those which reference 8 has 
shown t o  possess comparatively long decay t i m e  constants ( t a b l e  111). 
those mater ia l s  (mica paper and silicone-impregnated mica paper) t h a t  pulsed 
r e l a t i v e l y  l i t t l e  are r e l a t ed  t o  a material (mica) t h a t  w a s  shown i n  refer- 
ence 8 t o  have a short  t i m e  constant.  These r e s u l t s  may be very s ign i f i can t .  
These r e s u l t s  tend t o  ind ica te  that X- and gamma-ray conductivity experiments 
may provide a good screening t e s t  f o r  determining t h e  relative s u s c e p t i b i l i t y  
of various d i e l e c t r i c s  t o  electron-radiation-induced t r ans i en t  e f f e c t s .  

Further,  

Such tes ts  may be des i rab le  s ince they require far less and simpler equip- 
ment and instrumentation than necessary t o  obtain t h e  present  results. Indeed, 



i n  ce r t a in  cases,  t he  needed data  can be found i n  published l i t e r a t u r e .  Con- 
sequently, such a screening tes t  could be used t o  r e s t r i c t  fu ture  e lectron-  
i r r a d i a t i o n  t e s t s  t o  only those d i e l e c t r i c  mater ia l s  which appear t o  be 
promising f o r  use i n  a rad ia t ion  environment. 

CONCLUSIONS 

An inves t iga t ion  of t he  voltage pulses or ig ina t ing  i n  var ious capaci tors  
and insulated wires because of low-energy e lec t ron  i r r a d i a t i o n  ind ica tes  the  
following conclusions: 

1. Voltage pulses  occurred i n  capaci tors  and insu la ted  wires. These pulses 
were characterized by a very fast rise time (on the  order of a few nanoseconds) 
and a subsequent decay corresponding t o  t h e  resistance-capacitance t i m e  constant 
of t he  detect ion c i r c u i t .  

2. The k i n e t i c  energy of t he  incident  e lec t rons  has a profound e f f e c t  on 
t h e  number of pulses.  A s  the incident  k i n e t i c  energy w a s  increased, t he  number 
of pulses e i t h e r  increased and subsequently decreased o r  simply decreased, 
depending on the sample t e s t ed .  The decrease i n  the  number of pulses a s  t he  
energy increased w a s  apparently due t o  grea te r  transmission through and l e s s  
deposit ion of e lec t rons  within the  d i e l e c t r i c  mater ia l .  

3. The number of pulses obtained a l so  var ied considerably with temperature, 
i r r a d i a t i o n  a t  lower temperatures giving a g rea t e r  number of pulses.  

4. More than a simple conduction e f f e c t  i s  involved since pulses  were 
obtained with no b a t t e r y  i n  the  c i r c u i t .  Changes of b a t t e r y  voltage i n  the  
t e s t  c i r c u i t  with t h e  polyethylene te rephtha la te  c o m e r c i a l  capaci tors  seemed 
t o  have l i t t l e  e f f e c t  on the  number of pulses .  The mechanism f o r  t he  observed 
voltage pulses  i s  believed t o  be the  trapping and subsequent re lease  of e lec-  
t r o n s  from within the  d i e l e c t r i c .  

5 .  Lower dose r a t e s  appeared t o  lower t h e  number of pulses  obtained f o r  a 
given dose from various t e s t  samples a t  temperatures of 29k0 K and above; how- 
ever, i n  t h e  spec ia l ly  prepared polyethylene te rephtha la te  capaci tor  a t  a t e m -  
perature  of 770 K, t h e  number of pulses  obtained f o r  a given t o t a l  dose was not 
not iceably a f fec ted  by lowering the  dose r a t e  from 3.1 x 1O1O e/cm*-sec t o  
3.1 x lo7 e/cm*-sec. 

6. I n  t e s t s  on the  polyethylene te rephtha la te  and polytetraf luoroethylene 
insu la ted  wires, t h e  s i ze  of the  voltage pulses  was found t o  depend on the  
incident  e lec t ron  k i n e t i c  energy. 
k i n e t i c  energies between 35 and 43 keV than a t  higher energies .  

Greater pulse heights  were obtained a t  

7. Very f e w  t r a n s i e n t  pulses  were observed t o  have or ig ina ted  within the  
polypyromellitimide and t h e  silicone-impregnated mica paper. These mater ia ls  
would apparently serve b e s t  i n  capaci tors  and insulated wires t h a t  must be 
exposed t o  e lec t ron  i r r a d i a t i o n .  
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8. Comparison w i t h  previous work appears t o  ind ica t e  t h a t  X-ray conduc- 
t i v i t y  experiments may provide a good screening tes t  for determining the  r e l a -  
t i v e  suscep t ib i l i t y  of various d i e l e c t r i c s  t o  puls ing as a r e s u l t  of e lec t ron  
i r rad ia t  i on. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley S ta t ion ,  Hampton, Va., June 9, 1963. 



APPENDIX 

CONVERSION OF U.S. CUSTOMARY UNITS TO S I  UNITS 

The In te rna t iona l  System of Units (SI) w a s  adopted by the  Eleventh General 
Conference on Weights and Measures, Par i s ,  October 1960, i n  Resolution No. 12 
(ref.  6 ) .  Conversion f a c t o r s  f o r  the  u n i t s  used herein a r e  given i n  t h e  fo l -  
lowing t a b l e  : 

Physical quant i ty  

Length . . . . . 

Pressure . . . . 

U.S. 
Customary 

Unit 

inch 

t o r r  

Conversion 
f a c t o r  

("1 
2.54 x 10-5 

2.54 x 10-2 

1.33322 x lo2 
-~ 

S I  Unit 

ieter (m) 

ieter (m)  

iewtons per square meter (N/m2) 

*Multiply value given i n  U.S. Customary Unit by conversion f a c t o r  t o  
obtain equivalent value i n  S I  U n i t .  

Pref ixes  t o  ind ica te  multiples of u n i t s  are as follows: 

Pref ix  

mega ( M I  

k i l o  (k) 

c e n t i  ( e )  

m i l l i  (m)  

micro (p) 

nano (n)  

Pic0 (P) 

Multiple 

106 

103 

10-2 

10-3 

10-6 

10-9 

10-12 
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8 TABL& I. - TEST SAMPLES AND PARAMETERS 

1 

Incident kinetic 
energy range, 

keV 

I I - 
Dose rates, 
e/cm2-sec 

Parameter 
I 

Poly-pyromellitimide 

Polyvinyl alcohol 

Sample 

77, 297 

77, 297 35 to 240 3.1 X 1O1O 

35 to 110 3.1 X lolo, 3.2 x lo9 

Mounting 1 TempErture, 
Commercial capacitors: 
Polyethylene terephthalate Feedthrough, bucket 77, 294, 363 1 

I 
Ceramic , Feedthrough 294 

3.2 x 109, 
3.1 x 1010 

3.2 x 1O1o 35 to 150 

I 297 I 100 to 1000 3.2 X 1O1O Bucket I Polystyrene 
Insulated wires: 
Polyethylene terephthalate Feedthrough, bucket, 77, 294 35 to 210 3.2 X 1O1O 

Polytetrafluoroethylene Feedthrough 294 35 to 210 3.2 x 1O1O 

Polypyromellitimide Feedthrough ' 294 32 to 210 3.1 x lolo, 3.1 x lo9 

Copolymer of polyvinyl chloride 
and polyvinylidene chloride 

77, 297 35 to 210 3.1 X 1O1O 

Mica paper 77, 297 3.1 x 1010 

. 

Silicone-impregnated mica paper I 77, 297 35 to 110 3.1 x lolo, 3.1 x lo9 

Polyethylene terephthalate 77, 297, 363 20 to 250 3.1 x 107, 3.1 x 108, i 
! V# 3.1 X 109, 3.1 X 101o 



TAj3L;E 11.- RESULTS OF TESTS ON POLYPYROMELLITIMIDE 

0.63 

-83 

.65 

* 75 

95 

Incident 
k i n e t i c  
energy, 

keV 

32 
44 
55 
66 
77 
88 
99 
110 
130 
150 
170 
190 
210 

19 hours 

8.5 hours 

1.3 hours 

1800 seconds 

10 seconds 

Number of pulses  for e/cm2 

With b a t t e r y  p o l a r i t y  
a s  i n  f igu re  6 

0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-~ 

With b a t t e r y  p o l a r i t y  
reversed 

0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 
1 
0 

TABLE 111. - VALUES OF A AND CURRENT DECAY TIME 

CONSTANT FOR VARIOUS DIELECTRIC MATERIALS 

robtained from reference 81 
L 

- ~~ 

Material  

Polytetraf luoroethylene 

Polyethylene te rephtha la te  

Polystyrene 

Polystyrene (United S t a t e s  sample) 

Mica 

A I Time constant 
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Figure 1.- Experimental arrangement f o r  t e s t s  on capacitors and insulated wires. 
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I I  I 

L-63-9719 
(b) Ceramic capacitor mounted to electrical feedthrough plate. 

Figure 2. - Continued. 
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CAPACITORS 

. I  

I i  

p 

BEAM TUBE 

SCAN HORN 

L- 65- 138 
(c )  Ceramic capacitor mounted i n  t a r g e t  chamber. 

Figure 2.- Continued. 
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TARGET CHAMBER 
CURRENT PICKUP 

(d) Polystyrene insulated capacitor mounted on temperature-control bucket. 

Figure 2. - Concluded. 
L-65-278 .1 



(a )  Polyethylene terephthalate insulated ribbon wire mounted t o  e l ec t r i ca l  feedthrough p la te .  L-63-9722 

Figure 3 . -  Insulated wire t e s t  samples. 
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TARGET CHAMBER RIBBON WIRE 

(b) Polyethylene terephthalate insulated ribbon wire mounted on temperature-control bucket. 

Figxre 3.- Continued. 

L-64-8076.1 
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L-63-9721 
( c )  Poly-tetrafluoroethylene insulated wire mounted to e l e c t r i c a l  feedthrough p la te .  

Figure 3 . -  Continued. 
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(a) Polypyromellitimide insulated wire mounted t o  e l e c t r i c a l  feedthrough p la t e .  

Figure 3.- Concluded. 

L-64-8851 



Figure 4. - Specially prepared capacitor mounted on temperature-control bucket. L-64-3380.1 
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Fi@;ure 5 . -  Circui t  used during commerical capaci tor  t e s t s .  
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Ribbon w i r e  

.Olp F 

Plug 

- 

Figure 6 . -  Ci rcu i t  used during insulated wire t e s t s .  
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Figure 7.- Discriminator circuit used for recording pulses from specially prepared capacitors. 



w wl Figure 8.- Two typical  pulse t races  obtained from test samples. 
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Incident electron kinetic energy, keV 

( a )  Sample 1. 

Incident electron kinetic energy, keV 

(b) Sample 2. 

Figure 9.- Dependence of number of pulses  on b a t t e r y  voltage over range of inc i -  
dent energies  for two comerc ia l  polyethylene te rephtha la te  insulated capac- 
i t o r s  i n  i n i t i a l  series of tests.  Dose r a t e  = 3.2 x 101o e/cm2-sec a t  294' K. 
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(a) Sample 1. 
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(b) Sample 2. 

Figure 10.- Dependence of number of pulses on battery voltage over range of inci- 
dent energies f o r  two commercial polyethylene terephthalate insulated capac- 
itors in second series of tests. Dose rate = 3.2 x 1010 e/cm2-sec at 29b0 K. 
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( a )  Sample 1. 

Figure 11.- Dependence of number of pulses on electron energy and temperature f o r  two 
commercial polyethylene terephthalate insulated capacitors.  
(Sample was mounted on feedthrough p la t e  for t e s t s  a t  294' K ra ther  than on temperature- 
control bucket. ) 

Dose r a t e  = 3.2 x 1O1O e/cm2-sec. 
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(b) Sample 2. 

Figure 11.- Concluded. 
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( a )  Sample 1. 

Figure 12.- Dependence of number of pulses  on e lec t ron  dose r a t e  f o r  two 
Incident comnerical polyethylene te rephtha la te  insu la ted  capaci tors .  

e lec t ron  k ine t i c  energy = 83 keV a t  294' K. 
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(b) Sample 2.  

Figure 12.- Concluded. 
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a 
Incident electron kinetic energy, keV 

Figure 13.-  Dependence of number of pulses  on e lec t ron  energy f o r  polyethylene 
te rephtha la te  insu la ted  ribbon w i r e  mounted on f e e d t h r o u a  p l a t e .  
Dose r a t e  = 3.2 x 1010 eIcm2-sec a t  294’ K .  
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Figure 14.- Number of pulses above a given voltage obtained from polyethylene 
terephthalate insulated ribbon wire mounted on feedthrough plate. 
Dose rate = 3.2 x 1O1O e/cm2-sec at 294’ K. 
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0 20 40 60 80 IO0 120 140 160 180 200 220 
Incident electron kinetic energy, keV 

Figure 1.5.- Dependence of number of pulses on electron energy f o r  polyethylene terephthalate  
insulated ribbon wire glued t o  temperature-control bucket. 
a t  770 IC. Dose r a t e  = 3.2 X 101o e/cm2-sec 
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Integral pulse height, volts 

Figure 16.- Number of pulses above a given voltage obtained from polyethylene 
terephthalate insulated ribbon wire glued to temperature-control bucket. 
Dose rate = 3 .2  x 101o e/cmP-sec at 770 K. 
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Figure 1.7.- Dependence of number of pulses on e lec t ron  energy for two commercial 
ceramic insu la ted  capacitors.  Dose r a t e  = 3.2 X 101o e/cmZ-sec a t  294' K. 
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Figure 18.- Dependence of number of pulses on electron energy fo r  commercial polystyrene 
insulated capacitor.  Dose r a t e  = 3.2 x 1O1O e/cm2-sec a t  2970 K. 
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Figure 19.- Dependence of number of pulses on e lec t ron  energy f o r  polytetraf luo-  
roethylene insu la ted  w i r e  i n  two d i f f e ren t  e l ec t ron ic  configurations. 
Dose r a t e  = 3.2 x 1O1O e/cm*-sec a t  294' K. 
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( a )  Configuration 1. 
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(b) Configuration 2.  

Figure 20.- Number of pulses above a given voltage obtained from polytetra-  
f luoroethylene insulated wire i n  two configurations.  Dose r a t e  = 

3.2 X 101o e / c d - s e c  a t  29h0 K. 
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Figure 21.- Dependence of number of pulses on electron energy a t  297' K 
and 770 K for spec ia l ly  prepared regenerated ce l lu lose  capaci tor .  
Dose r a t e  = 3.1 x 1010 e/cm2-sec. 
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Figure 22.- Dependence of number of pulses on electron energy for specially prepared 
polypyromellitimide capacitor. Dose rate = 3.1 X lo1’ e/cm2-sec at 770 K. 
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Figure 23.- Dependence of number of pulses on electron energy a t  77' K and 2970 K f o r  a 

spec ia l ly  prepared polyvinyl alcohol capacitor.  Dose r a t e  = 3.1 x 1O1O e/cm2-sec. 
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Figure 24.- Dependence of number of pulses on electron energy a t  770 K f o r  two specially prepared 
capacitors insulated with a copolymer of polyvinyl chloride and polyvinylidene chloride. 
Dose r a t e  = 3.1 x 1O1O e/cm2-sec. 
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Figure 25.- Dependence of number of pulses on e lec t ron  energy a t  7 7 O  K and 297O K for 
spec ia l ly  prepared mica-paper capacitor.  Dose r a t e  = 3.1 x 1O1O e/cm2-sec. 
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Figure 26.- Dependence of number of pulses on electron energy f o r  special ly  prepared 
silicone-impregnated mica-paper capacitor.  Dose r a t e  = 3.1 X 1010 e/cmP-sec a t  770 K. 
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Figure 27.- Dependence of number of pulses on electron energy for specially prepared 
polyethylene terephthalate capacitor. Dose rate = 3.1 x 109 e/cm2-sec at 770 K. 
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Figure 28.- Dependence of number of pulses on electron dose r a t e  a t  incident k ine t ic  energy 
of 55 keV and a t  temperatures of 7 7 O  K, 297' K, and 363' K fo r  specially prepared poly- 
ethylene terephthalate insulated capacitor. 
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